Experiments evaluating the bio-control of the cabbage root maggot, Delia radicum, with entomopathogenic nematodes were conducted in the greenhouse and in the field. In the greenhouse better control was obtained with Steinernema feltiae than with S. arenarium, S. carpocapsae, Heterorhabditis megidis, and H. bacteriophora. Increasing doses of S. feltiae improved insect control; the best results were obtained with applications of 4,000 or 8,000 infective juveniles per plant. Applying S. feltiae eight days earlier or eight days later than the inoculation of insect eggs or applying both at the same time did not give significant differences in D. radicum control. Field control of D. radicum with S. feltiae was not successful in early spring but improved in summer. The number of surviving insects and the cabbage damage were significantly reduced after applying S. feltiae in summer.
INTRODUCTION
The cabbage root maggot, Delia radicum (Diptera: Anthomyiidae) is the most serious pest of cruciferous crops through Europe and North America (Finch, 1989) . In the early spring the females lay eggs in the vicinity of the stem of the host plant. Depending on the temperature, eggs hatch in about four days. Newly hatched larvae orient to the host plant and tunnel into its roots. The maggot reduces crop yield and quality; serious damage can kill young plants (Anonymous, 1984) .
In Belgium, chemical control has been the main component in D. radicum management. Standard control methods include soil drenches or incorporations of chlorpyrifos or other insecticides to the soil. However, both the awareness of the environmental impact of insecticides and the increasing importance of organic farming call for the need to search for acceptable alternatives. Biological control using entomopathogenic nematodes (epn) is one such potential alternative.
Species of the genera Heterorhabditis (Rhabditida: Heterorhabditidae) and Steinernema (Rhabditida: Steinernematidae) have great potential for insect control (Klein, 1990) . They are successfully used to control pest insects in horticultural crops, e.g. the black vine weevil Otiorhynchus sulcatus (Simons, 1981; Kakouli-Duarte et al., 1997) and the mushroom fly Lycoriella auripila (Richardson, 1987; Nickle and Cantelo, 1991) . However, experiments with epn aiming to control D. radicum in the field yielded inconsistent results. Vänninen et al. (1992) attributed their failure to dry soil conditions whereas Schroeder et al. (1996) demonstrated that, in optimum conditions, S. feltiae could successfully control D. radicum. In previous laboratory experiments we have demonstrated that S. feltiae Lxm31 is a good candidate for the biological control of D. radicum . In this paper we report on a series of greenhouse and field experiments in which the potential for Heterorhabditis and Steinernema species to control D. radicum was examined.
MATERIALS AND METHODS
Insect rearing and inoculation. Maggots of D. radicum were collected from the edge of a cauliflower field in the province of West Flanders, Belgium. Throughout the experiments the insects were reared on rutabaga (Brassica napus napobrassica) according the method described by Harris and Svec (1966) . In all but one experiment (field experiment 4), 1 to 2-day old eggs of D. radicum were deposited on the base of the plants.
Nematodes. The nematode species used in this study were S. feltiae Lxm31 and H. megidis Sn5, both collected from Belgium (Miduturi et al., 1997) , S. carpocapsae All and H. bacteriophora NJ-hbr provided by R.-U. Ehlers (University Kiel, Germany) and S. arenarium provided by S. E. Spiridonov (Institute of Parasitology, Moscow, Russia). All species were cultured in vitro according to the method described by Woodring and Kaya (1988) and stored in distilled water (5-8°C) for a period of not longer than two weeks.
Preparation of plants. Seeds of cabbage, B. oleracea var. alba (cv. Langedijker bewaar) or cauliflower, B. oleracea var. botrytis (cv. Cadet), were drilled at 1 cm depth in peat blocks (5ϫ5ϫ5 cm) which were kept in the greenhouse at 20Ϯ5°C. After germination, the plants were thinned to one per block. The plants were watered when needed; no fertilizer was applied.
Greenhouse trials. Forty-five-day-old cabbage plants were planted (17 April 2000) individually in 2.5-l pots filled with sterilized sandy loam soil (55% sand, 38.7% silt, 5.8% clay, 0.5% organic matter). Two days after transplantation, each cabbage plant was inoculated with 12 eggs of D. radicum. In experiments 1 and 2, epn were inoculated two days later; in experiment 3 epn were inoculated after different periods. Each treatment consisted of 12 plants. The plants were randomly arranged on the greenhouse bench and uprooted 25 days after insect inoculation. The greenhouse temperature was 20Ϯ5°C; no extra light was provided.
Experiment 1: Screening of nematode species. The first experiment compared the virulence of S. feltiae, S. carpocapsae, S. arenarium, H. megidis, and H. bacteriophora against D. radicum. Each cabbage plant was inoculated with 4,000 infective juveniles (IJs) suspended in 3 ml water (dropped into three holes 1.5 cm away from the plant stem). Twelve pots without nematodes but inoculated with insect eggs were used as controls. Plants were gently watered after nematode inoculation.
Experiment 2: Doses of S. feltiae. The second experiment compared the effect of increasing dosages of S. feltiae on the control of D. radicum. Cabbage plants were inoculated with 0, 500, 1,000, 2,000, 4,000 or 8,000 IJs, as described above. Twelve pots without nematodes but with insect eggs were used as controls. The plants were gently watered after nematode inoculation.
Experiment 3: Application time. Steinernema feltiae was used to examine the effect of application time. Three sequences of treatments were compared: (i) epn inoculated eight days after inoculation of insect eggs; (ii) inoculation of epn and insect eggs on the same day; (iii) epn inoculated eight days before inoculation of insect eggs. Insect eggs were inoculated on 27 April 2000. Twelve pots without nematodes but with insect eggs were used as control. Epn were inoculated at a dose of 4,000 nematodes per plant (as described above).
Field experiments. Field experiments 1 to 3 were conducted in spring and repeated in summer 2001 in a field (sandy loam soil) of the Department of Crop Protection, CLO (area with very little vegetable cultivation and low natural population of D. radicum). The cabbages were planted on 21 April (spring) or 20 July (summer) (spaced 0.35 mϫ 0.25 m). Two days later they were inoculated with 15 insect eggs as described in the greenhouse experiments. Entomopathogenic nematodes (4,000 IJs/ plant) were applied four days after transplantation (experiments 1 and 2) or at planting (experiment 3). The three experiments had a control without epn and insect eggs. Each treatment consisted of seven plants. All treatments were replicated five times and arranged in a completely randomized block design. Plants were uprooted four weeks after insect inoculation. Experiment 4 was conducted in a commercial field in Bornem (area of intensive cauliflower cultivation), Belgium. The cauliflower plants, sown in peat blocks on 28 February 2002, were transplanted to the field (spaced 0.45 mϫ0.65 m) on 5 April 2002. Each treatment (28 plants) was replicated four times and arranged in a block design. There was no artificial insect inoculation; the epn were applied at different dates (see later). The crop was harvested on 17 June 2002.
Experiment 1: Species screening. All species listed above were inoculated at a dose of 4,000 IJs per plant.
Experiment 2: Doses of S. feltiae. Each plant was inoculated with 0, 500, 1,000, 2,000, 4,000 or 8,000 IJs of S. feltiae, as described in the greenhouse experiments.
Experiment 3: Application methods. Steinernema feltiae was applied in three different ways: (i) injection-4,000 IJs suspended in 3 ml water were injected just before planting in three holes made in the peat blocks; (ii) dip-4,000 IJs were dripped in 3 ml water onto the surface of the peat blocks just before planting; and (iii) spray-4,000 IJs were suspended in 20 ml water sprayed on the soil surface around the plants after planting.
Experiment 4: Application time. Delia radicum was first detected on 22 March and continued to emerge until early May. The flies peaked at mid April; the eggs about one week later. Consequently, the following nematode application times were compared: (i) untreated control; (ii) chlorpyrifos (Dursban 5G, 2 g/plant) applied to the plant hole at transplantation; (iii) S. feltiae inoculated four weeks after detection of the first fly in the field; (iv) S. feltiae inoculated six weeks after detection of the first fly; and (v) S. feltiae inoculated eight weeks after detection of the first fly. In the latter three treatments the epn (8,000 IJs/plant), suspended in 4 ml water, were inoculated in four holes around the plant base.
Evaluation of damage. When the plants were uprooted, the number of D. radicum larvae or pupae was counted after sieving (aperture: 2 mm) one litre of the soil collected from around the plants. At the same time the damage caused by the maggots to the cabbage was evaluated using the cabbage root damage index (CRDI). Each plant was scored on a scale of 0-4; 0: no visible injury; 1: superficial feeding scars (no wounds reaching the root cortex); 2: deep scars or wounds but taproot intact; 3: taproot severed or girdled but plant alive; and 4: plant dead. Damage to the cauliflower was evaluated by scoring each plant on a scale of 0-5 (cauliflower root damage index, CDI). The CDI scores were 0: healthy plant; 1: 1-3 tunnels; 2: 4-10 tunnels; 3: 11-25 tunnels; 4: 26-50 tunnels; 5: more than 50 tunnels.
RESULTS

Greenhouse experiments Experiment 1: Screening species
About 40% of the D. radicum eggs hatched and developed into last instar stadium larvae or pupae. In the treatment without epn, the mean number of insects per plant and the mean CRDI were 5Ϯ0.95 and 3.8Ϯ0.39, respectively (Table 1 ). The best insect control was obtained with S. feltiae, which reduced the average number of insect larvae to 3Ϯ0.85 per plant and yielded a CRDI equalling 2.6Ϯ0.9; both values were significantly different from their reciprocal in the control. The numbers of insects found after applications of S. carpocapsae, S. arenarium, H. megidis and H. bacteriophora were not significantly different from each other and varied between 3.5Ϯ1.00 and 4.2Ϯ1.14 per plant. The CRDI of S. feltiae treated plants was not significantly different from the index observed after application of S. carpocapsae, S. arenarium, H. bacteriophora and H. megidis.
Experiment 2: Doses of S. feltiae
Both the number of D. radicum larvae and the CRDI were significantly affected by the dose applied ( Table 2 ). The highest averages for insect numbers (5.3Ϯ1.23) and CRDI (3.8Ϯ0.45) were observed on untreated plants. A significant decrease in insect number was observed with doses of 4,000 or 8,000 IJs per plant. Compared with the control the CRDI was significantly lowered after applications at these latter doses.
Experiment 3: Application time
All application schemes significantly reduced the number of insects collected from around the Control of Delia radicum with Nematodes 443 
Field experiments
In the first three experiments no D. radicum were observed in the non-inoculated control plots; evidently damage caused by that insect was absent, as well.
Experiment 1: Species screening
In the spring experiment, the number of insects collected from around cabbage roots was not significantly affected by any of the epn species applied (Table 4 ). The CRDI, however, significantly decreased after S. feltiae application. In the summer trail the number of insect larvae was significantly smaller after S. feltiae than after any other epn; the CRDI was significantly smaller after S. feltiae than after S. arenarium or H. bacteriophora 444 S. CHEN et al. 
but not after S. carpocapsae and H. megidis. Experiment 2: Steinernema feltiae doses
In both the spring and summer experiments, the number of insects collected from around the plants and the CRDI were significantly affected by the epn dose (Table 5 ). Higher doses yielded better insect control. In the spring trial, an average of 4.3Ϯ0.24 insects was collected from around the control plants for which the CRDI equalled 2.5Ϯ0.19; in the summer trial these figures were reduced to 3.9Ϯ0.12 and 2.2Ϯ0.28, respectively. In the spring experiment, significant impact of S. feltiae was only observed after applications of 8,000 IJs/plant. In the summer experiment, however, significant reduction in the number of insects was obtained after applications of 4,000 or 8,000 IJs/plant. This was mirrored in the CRDI.
Experiment 3: Application methods
The application methods affected both the number of insects and the CRDI much less in the spring than in the summer (Table 6 ). In the spring trial, none of the methods significantly decreased the insects. Compared to the control the CRDI was significantly smaller only after injection of S. feltiae. In the summer trial, both the insect number and the CRDI were significantly reduced after injecting and dipping S. feltiae on the peat blocks.
Experiment 4: Application time
The damage caused by D. radicum to the cauliflower was not as severe as might have been expected; none of the control plants died. However, chlorpyrifos significantly reduced the root damage index (Table 7) . This index did not differ between epn treated plants and control plants.
DISCUSSION
The greenhouse screening only partially confirmed our earlier laboratory tests in which we demonstrated that S. fel- tiae Lxm31 is more pathogenic to D. radicum last stadium larvae than S. carpocapsae All, S. arenarium, H. megidis Sn5 and H. bacteriophora NJ-hbr. In the greenhouse tests, S. feltiae Lxm31 controlled D. radicum in a range between 40% (species screening) and 50% (dose experiment, 4,000 IJs/ plant). The efficacy of S. feltiae, however, did not differ from S. arenarium and H. megidis. This difference in results have may been caused by the difference in size of the test arenas. In the 24-well plates used in the laboratory, the insects were immediately challenged by the nematodes whereas in the pots used in the greenhouse, the higher mobility of S. arenarium and H. megidis may have accounted for their lower pathogenicity to D. radicum. The low effect of S. carpocapsae and H. bacteriophora on D. radicum can be attributed to both their low mobility and low pathogenicity to the insect . Although S. feltiae controlled the insect only to some extent, it was the only species that decreased the CRDI.
Control of
In the greenhouse and the field experiments only low numbers of insects were collected from the untreated control (Ͻ44.5% in greenhouse and Ͻ30% in the field). This should not only be explained by a higher insect mortality in natural environments but can also be attributed to low egg hatch. When rearing D. radicum larvae in the laboratory, generally only 60-80% eggs hatch (Chen et al., unpublished) . We used twelve or five replications in the greenhouse experiments and field experiments, respectively, to avoid the situation whereby a low insect infection would reduce the experimental output.
The fact that in the application time experiment, the number of insects per plant is sometimes similar between two treatments whilst the damage observed after these treatments differs substantially, or vice versa, suggests a contradiction. However, one should recognize that epn individuals within a population might have different levels of pathogenicity and different life spans. Consequently, there should not always be a direct relationship between the number of surviving insects and the damage an insect population might have caused.
Earlier experiments aiming at the biological control of D. radicum with epn produced contradicting results. Dry soil conditions (Vänninen et al., 1992) and the use of less pathogenic species (Simser, 1992) accounted for some of the failures. Schroeder et al. (1996) , however, demonstrated that S. feltiae can successfully control D. radicum. These latter authors applied epn in a silt loam soil at mid July, conditions under which both temperature and soil texture were optimal for the nematodes to migrate and to penetrate the insect. Moreover, the epn were used in large numbers (30,000-200,000 IJs/plant). In our study, D. radicum was more successfully controlled in the greenhouse than in the field, and in the latter conditions control was better in summer than in spring. This difference can be attributed to differences in temperature. In early spring soil temperature is around 10°C. Although at that temperature S. feltiae can kill some D. radicum larvae, both its migration and efficiency are reduced . As nematode mobility and pathogenicity increase with increasing temperature it should be expected that D. radicum is better controlled in summer.
Biological control of insects by epn is not only affected by the nematode species, it is also influenced by the dose at which it is applied. Higher doses generally yield better insect control (e.g. Schroeder et al., 1996; Kakouli-Duarte et al., 1997) . Field concentrations exceeding 2.5 billion IJs/ha (ϭ25 IJs/cm 2 ) are usually applied to ensure 446 S. CHEN et al. that ample numbers of nematodes come in contact with the target insect to provide acceptable control (Georgis, 1990) . The dosage we used in the majority of our experiments (4,000 IJs/plant) equalled ca. 30 IJs/cm 2 ; the insect control, however, was poor. This result cannot be ascribed to the dose, as double this dose was still poorly efficient (Tables 2 and  5 ). The low level of control might be explained by low epn pathogenicity, low host-searching ability and environmental factors.
Traditionally, Belgian growers raise cabbage and cauliflower plants in peat blocks, which are transplanted in the field. Epn incorporation in these blocks might be an excellent strategy as it eases epn application whilst the majority of the nematodes easily come in contact with the target host. Dipping peat blocks in a nematode suspension is another approach, which in our experiments gave better results than spraying. When peat blocks are dipped in epn suspensions the nematodes enter the peat as it absorbs the water. Upon transfer of the blocks to the field the nematodes are protected by soil covering the blocks. When sprayed onto the soil surface, epn use energy and time to locate the host. In the meantime UV-rays, temperature fluctuations and varying moisture conditions can have detrimental effects (Smits, 1995) .
As in Belgium the major damaging period of D. radicum is early spring, when temperature is low, efforts to control D. radicum with epn should be focused on the selection of S. feltiae isolates active at low temperature. More targeted application of the nematodes may further improve the bio-control of D. radicum. Steinernema kraussei, indigenous in Belgium (Spiridonov and Moens, 1999 ) and active at cold temperature (Long et al., 2000) might be an interesting alternative.
